Background--Bioprosthetic heart valves (BHVs), fabricated from glutaraldehyde-pretreated bovine pericardium or porcine aortic valves, are widely used for the surgical or interventional treatment of heart valve disease. Reoperation becomes increasingly necessary over time because of BHV dysfunction.
B
ioprosthetic heart valves (BHVs) composed of glutaraldehyde-pretreated heterograft tissue are increasingly used for cardiac valve replacements instead of mechanical prostheses. BHVs will likely have an even more important role in the treatment of cardiac valve disease given their almost exclusive use in transcatheter valve prostheses.
The advantages of BHVs include a reduced risk of thrombosis compared with mechanical valve prostheses [1] [2] [3] and their suitability for use with interventional transcatheter valve delivery systems. 4 BHVs, however, have been observed to have a limited functional life because of what has been termed structural valve degeneration (SVD). [5] [6] [7] [8] [9] [10] [11] [12] SVD may be defined as BHV dysfunction, resulting in symptomatic stenosis, regurgitation, or both, that necessitates reoperation; SVD exclusion criteria include endocarditis, perivalvar leakage, and pannus overgrowth. The mechanistic basis of SVD has been reported to be associated with leaflet calcium deposits in the majority of cases, 13 although ≥25% of BHV reoperations due to SVD occur without leaflet mineralization being a contributing factor. 6, 13 BHV calcification has been shown to be clinically associated with young age; children and younger adults have diminished implant durations over time, with a time-dependent increased occurrence of BHV calcification. 10, 14, 15 Renal failure is an important comorbidity of SVD via calcification, 16, 17 and earlier BHV failure due to SVD has been observed in diabetic patients. 16, 18, 19 The mechanisms responsible for SVD in the absence of calcification have been studied to a limited extent. [20] [21] [22] Our group reported a series of 15 bovine pericardial (BP) BHV clinical explants with increased levels of 3 posttranslational modifications of proteins via oxidative modifications to specific amino acids via distinct pathways, namely, dityrosine, an oxidative cross-link generated via tyrosyl radical mediated oxidation, and both orthotyrosine and metatyrosine, phenylalanine oxidative modifications generated via redox active transition metal ion catalyzed hydroxyl radical-dependent oxidative modifications. 21 This publication also documented with in vitro methodology, using controlled oxidation conditions, the susceptibility of BHVs to oxidative damage. 21 The present study sought to examine in depth a larger clinical series of explanted BP and porcine aortic valve (PAV) BHVs with primary end points including both analyses for BHV leaflet calcium content and a larger panel of distinct oxidized amino acids (OxAAs) formed via specific oxidative processes. We also investigated the association of comorbidities with the chemical end points of interest. The goals of our study were to investigate the occurrence of increased leaflet calcium levels and oxidative modifications in BHV retrievals that may be associated with BHV dysfunction and deterioration over time. Our approach was to compile and analyze the clinical characteristics and comorbidities and to compare this information with our primary end points: explant analyses of BHV leaflets for both calcium content and various OxAA levels that serve as molecular fingerprints of distinct oxidative processes.
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Materials and Methods
Reoperation and Retrieval of BHVs BHV retrieval analyses were performed on explants from BHV aortic valve replacement patients requiring reoperation for symptomatic stenosis, regurgitation, or both. All patients were enrolled preoperatively with informed consent at the Hospital of the University of Pennsylvania according to the approved institutional review board protocol no. 809349. Exclusion criteria for the present study included BHV endocarditis, perivalvular regurgitation, subannular pannus and aortic wall segment dehiscence in PAV BHV with an aortic root segment. BHV specimens were retrieved at the time of surgery and were immediately transported to the investigators' laboratory in a fresh state. Deidentified medical records, including all laboratory tests, echocardiographic data, and medication listings, were available for all patients undergoing BHV reoperative surgery. A total of 47 patients met the exclusion criteria, and their BHV specimens were retrieved over the study period from July 1, 2010, to February 29, 2016 . A detailed description of the demographics of the patient population is provided in Table 1 .
BHV Explant Sample Preparation
Following visual inspection, each explant was fixed in neutral buffered formalin and dehydrated in graded ethanol. A representative BHV leaflet was removed and divided midleaflet. Half was used for calcium analyses (see below), and the remaining half was processed through a paraffin-embedding procedure, followed by thick sectioning to create samples for OxAA analyses (see below).
Quantification of OxAA in the BHV Explants
Thick paraffin sections (50 lm) were used for OxAA analyses, as published previously. 22 For all specimens analyzed, a cross-section for OxAA analyses was taken from the free edge of the cusp, the annular margin. 
Quantification of BHV Leaflet Calcium Levels
Atomic absorption spectrometry was used to quantify tissue content of calcium in acid hydrolysates of the BHV cusp samples (half leaflet, as above), as follows 25 : Samples of BHV leaflets were lyophilized, weighed, and then transferred to acid-resistant tubes. After adding 1 mL of 6 N HCl per sample and sealing, samples were incubated at 95°C overnight, followed by evaporation using a heating block at 65°C for 24 hours until each sample became completely dehydrated.
The residue was reconstituted with 1 mL of 0.01 N HCl and stored at À20°C. The hydrolyzed samples were diluted with atomic absorption spectrometry matrix (0.3 N HCl with 0.5% La 2 O 3 ), followed by quantification of calcium using a Perkin Elmer 2380 atomic absorption spectrophotometer with standard curves, as previously published. 25 
Statistical Methods
Quantitative data including age at the initial surgery, calcium levels, and OxAA levels in BHV leaflets were presented as meanAESE. Depending on equality of variances within the data and the number of levels within the independent variable, these data were analyzed by 
Factors Affecting Freedom From Reoperation
Reoperation in this population was required in >50% of patients by 8 years after operation ( Figure 1A ). Time to reoperation did not significantly differ between male and female participants ( Figure 1B ). The type of BHV heterograft material used, BP or PAV, was not associated with a difference in freedom from reoperation in this series ( Figure 1C) ; however, DM ( Figure 1D ) and CABG ( Figure 1E ) were significantly associated with earlier reoperation. Of importance, 7 of the 16 CABG patients had DM (Table 1) .
Clinical Factors and Calcium Content of BHV Leaflets From Explants
BHV leaflet calcium levels in the explants were significantly elevated compared with unimplanted leaflets of both types of heterograft materials (Table 2, Figure 2 ). Age at initial surgery was significantly inversely correlated with freedom from reoperation ( Figure 2A ). Older participants tended to have shorter implant duration ( Figure 2A) ; however, no correlation was noted between leaflet calcium content and age (Figure 2B ). In accord with this observation, BHV leaflet calcium content also was not correlated with implant duration ( Figure 2C ). In addition, a subanalysis was carried out to learn if the higher calcium values shown in Figure 2C (>30 lg/mg) demonstrated a correlation with implant duration; there was not a significant correlation (n=30, P=0.0686, r=0.33) in this subgroup, as described (data not shown). Leaflet calcium levels did not differ significantly between explants of male and female participants ( Figure 2D ). BP leaflet calcium content was significantly higher than PAV (Table 2) , and roughly one third of 47 BHV explants had calcium levels near zero ( Figure 2B ). In addition, stenotic BHVs had significantly higher calcium leaflet content than regurgitant BHVs (Table 2) . DM and CABG groups did not differ in BHV calcium content compared with the overall population; although it was observed that non-DM explants demonstrated little to nondetectable BHV calcium content in 14 of 36 specimens, only 1 of the 11 DM BHV explants was not calcified ( Figure 2E ).
It is noteworthy that Kaplan-Meier curves plotting duration of implants comparing those with low BHV leaflet calcium (<30 lg/mg, n=17) and BHV patient groups with higher levels of calcium (>30 and >100 lg/mg) demonstrated no significant differences in freedom from reoperation related to elevated BHV calcium levels ( Figure 2F ).
BHV Leaflet OxAA Content
BHV leaflet samples were subjected to quantitative analyses for a panel of OxAAs (Table 3) . Although unimplanted BP and PAV leaflet samples had no detectable dityrosine, both BP and PAV explants demonstrated comparable overall significant accumulation of dityrosine (Table 3) . Dityrosine was quantified in leaflet cross-section analyses in 39 of 47 BHV leaflets analyzed (Table 3) , and dityrosine was significantly increased in all explant groups compared with unimplanted (Table 3) . Unimplanted PAV had significantly higher 3-chlorotyrosine than BP. It was observed that unimplanted PAV had significantly higher levels of metatyrosine and orthotyrosine than did BP (Table 3 ). In addition, unimplanted BP had significantly higher 3-bromotyrosine than PAV (Table 3 ). Significant increases were noted in stenotic BHV explants in both metatyrosine and orthotyrosine (Table 3) . PAV explants demonstrated significantly lower levels of metatyrosine and orthotyrosine than unimplanted samples, and BP explants had significantly lower levels of 3-bromotyrosine than unimplanted BHV leaflets (Table 3 ). However, 3-bromotyrosine was also significantly elevated in BHV explants from CABG patients compared with non-CABG (Table 3) . Nitrotyrosine was present in both unimplanted and explanted PAV and BP leaflets and was significantly decreased in BP explants compared with unimplanted BP (Table 3) .
To assess possible differences in spatial distribution of dityrosine in BHV leaflets, analyses were carried out for dityrosine on a subset of representative BHV explants with sufficient material for sampling different BHV regions. As described in Methods, 7 BHVs were analyzed in detail with paraffin sections from samples taken from the free edge, sewing cushion attachment, commissure, and midcusp (Figure 3A) . The 7 BHV consisted of 6 BP and 1 PAV bioprostheses explanted from patients with CABG in 3 BP cases and DM in 2 BP cases. The single PAV bioprosthesis analyzed and 1 of the BP cases had neither CABG nor DM as comorbidities.
Dityrosine, ranging from 57.5 to 227.8 lmol/mol tyrosine, was detectable only in the midleaflet samples ( Figure 3B) .
The relationship between OxAA and calcium levels in BHVs was investigated in the explant data overall and in clinically relevant subgroups. These comparisons revealed no correlation between calcium levels and OxAA in the explants (data not shown); in particular, dityrosine was not correlated with BHV calcium levels (data not shown). Furthermore, although BHV explant results overall and in non-CABG explants demonstrated no correlation between BHV calcium content and 3-chlorotyrosine ( Figure 4A and 4B) , BHV explants from patients with CABG demonstrated a significant correlation between calcium and 3-chlorotyrosine ( Figure 4C ).
Discussion
This study reports novel clinical BHV explant analyses demonstrating that both calcification and oxidative modifications are associated with progressive BHV dysfunction. Prior observational studies of BHV aortic valve replacements have demonstrated, in general, freedom from SVD requiring reoperation in ≥95% of cases by 10 years after operation, 6 ,10,15,26 unlike our results that constitute a selected group with relatively early BHV dysfunction. Several important comorbidities leading to reoperation are evident in our results: DM and coronary artery disease that was severe enough to require CABG. Both comorbidities were associated with significantly earlier reoperation than the rest of the present study population. Explant analyses of BHV leaflets in this population revealed the presence of both calcification and OxAA in the BHV leaflets. In addition, one third of the explants in the present studies had little to no detectable BHV leaflet calcium content; however, these relatively noncalcified BHV explants had implant durations that did not differ significantly from calcified explants ( Figure 2E ). These results emphasize the need to further understand noncalcific mechanisms, such as oxidation, that lead to BHV dysfunction. BHV aortic valve replacements with progressive dysfunction requiring reoperation have been reported in a number of observational studies over the past 2 decades with comparable outcomes between these investigations. 6, 10, 15, 26 These prior results differ from the present study that focuses on BHVs retrieved in a registry. Although our population in the present study was relatively young, with a mean age of 55 years at initial surgery, young age was not associated with earlier BHV dysfunction in our population (Figure 2 ), unlike observations in larger population studies, in which patients receiving BHVs at a younger age required reoperation sooner than older patients. 10 In fact, the present results showed an inverse correlation with age, with earlier BHV dysfunction in older patients (Figure 2A ), and this is mostly likely due to our observation of earlier reoperation in CABG patients (Figure 1D ) and the older age distribution of this group (Table 1) . Similarly, younger patients in the present study group did not demonstrate increased BHV calcification (Figure 2 ), also differing from clinical observations in studies of populations of patients undergoing BHV aortic valve replacement. 6, 10, 15, 26 Prior studies have also reported the association of DM with BHV dysfunction, with an increased risk of earlier reoperation in DM patients, in agreement with the present results (Table 1, Figure 1C ). Lorusso et al 18 reported not only earlier BHV dysfunction in DM patients but also significantly reduced long-term survival in this patient group. In their study, reoperation was required in <5% of patients in the non-DM population after 5 years but in 20% of diabetic patients. 18 In addition, in their study, DM with metabolic syndrome had even worse outcomes, with >40% requiring reoperation after 5 years. 18 Briand et al also observed more rapidly progressive BHV dysfunction requiring reoperation in BHV patients with DM or metabolic syndrome or both. 16 In the present study, calcium analyses of the BHVs retrieved from DM patients demonstrated only 1 noncalcified sample from the sample group of 11 specimens compared with one third of the non-DM BHV retrievals with little to no measurable leaflet calcium, indicating increased BHV calcification in the DM group ( Figure 2E ). It is noteworthy that a quarter or more of BHVs removed for SVD have been reported by other studies not to be calcified 6, 13 ; this is in keeping with the present observations concerning the non-DM explants ( Figure 2E ). Our study noted significantly earlier reoperation in BHV patients with either prior or concurrent CABG. Prior studies have reported concurrent CABG and BHV aortic valve replacement in ≥35% of BHV aortic valve replacement patients. 2, 10, 27 However, the impact of this association on subsequent freedom from reoperation after BHV surgery has not been described in other observational studies. Nevertheless, Naji et al 28 reported a large series of patients with severe BHV aortic stenosis requiring reoperation, with 95% incidence of SVD, and noted that 33% of these patients required CABG at the time of BHV reoperation. Their results suggest an association of BHV dysfunction with severe coronary disease, in agreement with the present observations. In addition, in the study of Naji et al, DM was present in 27% of this study population. 28 In the present study, 7 of 16 patients with CABG also had DM ( Table 1 ). The presence of oxidized low-density lipoprotein in BHV leaflets with SVD associated hyperlipidemia with SVD, and related lipoprotein abnormalities as comorbidities with SVD leading to BHV reoperation have been observed by others. [29] [30] [31] [32] [33] [34] This may be of importance concerning our observation of increased SVD in CABG patients. In addition, retrospective studies have reported a reduced incidence of BHV with SVD in patients receiving statin therapy, 35 although there is not agreement concerning statins having a beneficial effect for mitigating SVD. 36 In the present study, 51.1% of our patients with BHV inverse correlation (r=À0.348, P=0.008) was noted between age at initial surgery and implant duration. B, Leaflet calcium levels were not related to age at initial BHV surgery, P value not significant (NS). C, No trends were observed between implant duration and leaflet calcium levels, P=NS. D, BHV calcium (Ca) content comparing explant results from male and female participants, P=NS. E, Although mean Ca content of explanted BHVs from patients with and without diabetes mellitus (DM) did not differ significantly, only 1 DM BHV had minimal Ca content compared with 14 of 36 non-DM explants. F, No significant differences were noted in duration of bioprosthetic implants comparing participants with leaflet Ca levels >30 and >100 lg/mg and those with Ca <30 lg/mg, P=NS.
requiring reoperation had hyperlipidemia, and 46.8% were receiving statins. These past and present results, taken together, support the view that atherosclerotic cardiovascular disease may have an impact on progressive BHV dysfunction associated with both calcification and OxAA formation. Oxidative modifications of the proteins in BHVs have been reported recently by our group in a series of 15 BP BHV explants, with failed BHVs demonstrating increased levels of OxAAs (ie, dityrosine, orthotyrosine, and metatyrosine) that serve as molecular fingerprints of distinct pathways. 22 It is of interest that in the present study, which included an expanded series of BP BHVs and PAV BHVs, similar results with dityrosine were observed, that is, while not present in unimplanted BHV, dityrosine was significantly increased in both PAV and BP explants (Table 3) . Dityrosine is formed via an oxidative cross-link mediated by an intermediate tyrosyl radical. This can be formed by a variety of oxidation systems, especially the enzymatic myeloperoxidase pathway arising from activated inflammatory cells, either leukocytes or monocytes (and selected monocyte-derived macrophages).
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Of the OxAA monitored, dityrosine is the only one that is also a protein cross-link, 37, 38 and thus its unique presence in BHV explants suggests a possible contribution of dityrosine crosslinking to altered mechanical properties of BHV leaflets. Furthermore, in the present studies, the localization of dityrosine exclusively in the central cusp region of explanted BHV leaflets (Figure 3 ) is also noteworthy. Clinical explant studies have demonstrated in BHV analyses that the midcusp region in clinically failed BHVs with SVD showed collagen disruption that was most often spatially localized apart from xray-detectable calcifications.
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It is also noteworthy that in BP BHVs, orthotyrosine and metatyrosine in the present studies were not significantly different than levels in unimplanted BHV leaflets (Table 3) , unlike our prior series of BP BHV analyses. 22 The present results also showed that for PAVs, unimplanted orthotyrosine and metatyrosine levels were significantly higher than those in unimplanted BP (Table 3) . However, explant BHV orthotyrosine and metatyrosine were significantly reduced in PAV BHVs compared with unimplanted levels (Table 3) . Orthotyrosine and metatyrosine are oxidation products that are not formed enzymatically 37, 39 and are thought to be the result of protein modifications by reactive oxygen species arising from redox active metal ions and hydroxyl radical species reacting with the precursor amino acid phenylalanine in extracellular matrix proteins forming these nonphysiological tyrosine isomers. 23 The presence of OxAA (Table 3) , such as 3-bromotyrosine and nitrotyrosine, in the unimplanted BHV materials analyzed is noteworthy because it is unknown if these posttranslational modifications 23, 24 were present in the heterograft materials before harvest or if they resulted from oxidative conditions during processing. For example, 3-bromotyrosine has been reported to be a specific eosinophil-mediated oxidation product in the setting of allergen-induced asthma, 40 and eosinophilic infiltrates have not been reported in BHV pathology studies. 9, 13 The heterograft materials used in bioprostheses are harvested in abattoirs under nonsterile conditions where various disinfectants and bleaching materials are used per US Department of Agriculture and US Food and Drug Administration guidelines. These agents could be responsible for oxidative modifications, and this has not been investigated. Nevertheless, the presence of these OxAAs and the significant differences observed indicate that oxidative events affect heterograft materials used in BHVs both before and after clinical use. Antioxidant strategies for BHV have been investigated to a limited extent and were not the subject of the present study. The clinical BHV explants analyzed in the present study were not prepared with antioxidant modifications. Our group demonstrated the susceptibility of BHVs to oxidative damage in a series of in vitro studies. 22 Oxidative damage to BHVs in vitro, causing structural deterioration, used exposures to dilute FeCl 3 and H 2 O 2. 22 This model system resulted in a net loss of extracellular matrix proteins, destruction of glutaraldehyde cross-links, and increased susceptibility of BP BHV leaflets to collagenase digestion. 22 All of these oxidationrelated end points were mitigated by the use of a polyphenol antioxidant that was covalently attached to the BP BHV leaflets in these in vitro studies; this indicated a possible therapeutic direction that could be explored for mitigating BHV oxidative stress. 22 However, a subsequent investigation by our group of rat subdermal implants of BHVs, 21 while demonstrating explant calcification comparable to the clinical explants in the present article (Table 1) , showed less overall OxAA formation 21 than that observed in the present study (Table 3) . Thus, subdermal implants of BHV leaflets may not be an optimal experimental system to study oxidative mechanisms that affect BHVs in clinical use. The present results also demonstrated significantly increased calcium levels in BP explants compared with PAVs ( Figure 2D) ; however, freedom from reoperation did not differ in comparing the 2 types of heterograft BHV implants ( Figure 1B) . The relatively small PAV sample size, 11 explants, precluded demonstrating any statistically significant different associations in other subgroupings comparing PAV and BP BHV in terms of either comorbidities or OxAA levels. In addition, others have reported an association of earlier BHV reoperation due to SVD with a smaller BHV annulus, 26,41 but this was not observed in the present series (Table 1) . Both BHV aortic stenosis and regurgitation were observed in the present study. Stenotic BHV had significantly higher calcium levels than quantified in BHV explants from regurgitant cases (Table 2) ; however, the BHV OxAA levels were not specifically associated with one or the other BHV pathophysiology. Of importance is the observation that subpopulations with high BHV calcium levels compared with explants with low calcium levels were not associated with any significant differences in freedom from reoperation ( Figure 2E ). These results indicate that the level of leaflet calcium deposition is not a determinant of the progression of BHV dysfunction but may contribute to the specific pathophysiology; in other A B Figure 3 . Regional distribution of dityrosine (diTyr) in explanted bioprosthetic heart valves (BHVs). A, Sample preparation scheme from sewing cushion (SC), commissure (Co), free edge (FE), and middle area (Mid), as well as cross-section of the leaflets. B, Dityrosine formation was significantly elevated in the midleaflet region (P=0.033, 1-sample t test) and the cross-section (P=0.027, 1-sample t test) compared with the sections in which dityrosine was not detected, with no significant differences when compared with each other.
words, higher leaflet calcium levels could result in BHV stenosis rather than regurgitation.
Are oxidative and calcification mechanisms interrelated in the pathogenesis of BHV dysfunction? The present results were analyzed seeking correlations between specific OxAAs and calcification, and in general, no significant relationships were identified except for a subanalysis of the CABG patients. In the CABG patients, leaflet analyses of retrieved BHVs demonstrated a significant correlation between BHV leaflet Ca ++ and 3-chlorotyrosine (Figure 4 ), an OxAA formed by myeloperoxidase 42 ; however, the small sample size and the presence of several higher values that influence the correlation limit the strength of this observation. Importantly, dityrosine is also formed by myeloperoxidase 43 and was uniquely present in BHV with SVD and was not detectable in unimplanted BHV leaflet samples. Interestingly, BHV dityrosine levels did not correlate with BHV calcium levels (data not shown). The study presented in this article has a number of limitations. The bioregistry approach used has a selection bias favoring early BHV failure due to SVD. Although our study included analyses of 47 explants, the sample sizes of the subgroups precluded both adjusting for covariates and detecting statistically significant differences for a number of questions of interest. In addition, the primary end points of these studies, calcium levels and OxAAs, required sample preparation for analyses utilizing an entire explanted BHV leaflet (see Methods) for each specimen to attain a representative set of assays; therefore, BHV morphology studies of the same leaflet sample were beyond the scope of the investigations.
Conclusions
Both BHV calcification and OxAAs are present in bioprostheses requiring reoperation. Dityrosine, an OxAA cross-link, was uniquely present in failed BHVs and was localized to the central region of BHV leaflets. 3-Chlorotyrosine, another oxidative product specific for myeloperoxidase-catalyzed oxidative modification, was the only OxAA that correlated with BHV leaflet calcium levels but only in CABG patients. Taken together, these results indicate that both calcification and oxidative modifications of BHV leaflets may contribute to BHV dysfunction. Furthermore, BHV calcium levels were not a determinant of implant duration, indicating a potentially important role for OxAA formation in BHV dysfunction.
